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'.M inveatigations vwhich foliowed ths discovery of di—isag‘op{a?i flncrophsaphat.e B
} totfronted ¢hs scientists with twe distinct problems: —
vhothor or not cholinestersse activity is essential for comductiom, 2 e
13 whother or mot the high toxicity of this ccupound must be attributed exclusivoly e
%bﬁ Teaotion with cholineaterase,

-

L. NEGESSITY OF CHOLINESTERASE FOR CONDUCTION , L

It bas Deen shown in many waye that conduction cammot be diassociated from chol- Lt

iznesterase activity. Reezamination of earlier work reporting the Ddossibility of “con- \\:

Auetion im the bullfrog sciatic in the complete absence of cholinesterase has shown \;\\
thot the manometric method used for the determinetion of sholinesterase activity was
in ¢his particuldar cnse inadequate due 4o several adverse factors., When the acetyl-
eholine hydrolyeis wes determined with the frog rectus sbdominis method, 1t wes
fornd that selthough more than 90 percent of the inltlal enzyme concentration was in-
sctivated, about 7 to 8 percent atill persisted.

Rocently, experiments have been deseribed which im-the opinicn of the investi-
‘gators, show that conduction cen continue in merves exposed to DFP in the complete
absence of cholinesterase {Boyarskl, Tobias, & Gerard). The mcetylcholine hydrolysis
by cholinesterase wee determined with the frog rectus abdominis technique. In these
axperiments, the IFP was dissolved in peanut oil ond for low DFT cancentration
{€0,002M) ithe nerves were ilmmersed im the oil for a consldersble length of time
{3 bhrm.), without effect on the sctlon potential. No acetylcholine hydrolysis wae
found, Since DFP has a high lipoid solubillty, the rate of peneiration could be ex-
pectsd to be smalier then if the nerves wore exposed to DFP in aquecus solution. The
iovestigators appsrently thought it possible, with this milder form of exposure, to
obtain the imactivation of the enzyme without "toxic® effects held.to be responsible
for the ebolision of conduction,

We bave repeated these experiments under the same experimental conditions, For
the determination of the acetylcholine hydrolyeis by the remaining cholinesterase,
howover, two essential changes were made. Since on the basis of our previous exper!-
ments, 1t could be expected that 100 mg. of nerve could 3plit 20 to 30 ug. per hr.,
the low emounts of tlssue and the high imitial amount of ecetylcholine used im the
experiments of Boyarski, et al,, made it a priori improbable that the methcd could
indicate the remaining activity. A more appropriate onzyms %to substrate ratio wes
therefors chogen for our determinations. The solutlon of acetylcholine to which the
quspsreion of the experimentel nerve wo. added contained ipitielly only 150 wg. in-
atead cf k20 ug. end the amounts of nerve used were 120 to 1U0 mg. instead of 20 to
50 =g,

{me of the szperimenits cerriad out is deseribed im detail, Seven Srog aciatic
nerves welghing 186 mg. vere exposed tc DFP in peanut oil (0.003M) for 3 hrs. As re-
portod. by the previous workers, the sction potentials were unimpaired. The nerves
waro then weshed in Ringer's solution for 1 hr. and ground in 2.0 cc. of 0.01M phoa-
phate buffor, 1.5 cc. of tho suspension containing 139.% mg. of nerve tisgue wvas put
into & vengel to which was ocdded 0.2 cc. acetylcholine solution conmtaining 150 ug.
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of acetyloholine. This was incubated for 3 ks, at rom mm. Azother vessal
uzet 68 comnirol contained the acetylcholine sclution and phosphate buifer, dut no

Tonerwe tisgus, And was treated in exactly the sare wvay. At the end of the incubatica

Dericd, 043 00« were taken from the control and the experimental vessels and added

tn 2.5 0y f C,01M phosphate burfer. Tho d-proteinization vas carried out in the
.uguwel wvaye 0.8 to. of 0.1M phosphate buffer and 0.25 co, of n/ECL wers sdded to both

sarples enl left for 30 min.; ‘them 0.25 cc. n/NaCH was added for neutralization. The
saxples were cemtrifuged and the supernatant was assayed for acetylcholins with the
frog rootus abdominis &s desoribed previously. -

Pig, 1 shows the asszy, Although the control was diluted 100 times bafore ths
argsy, 0.31 ug, of acetylcholine were found in 3 cc. ugsed for the deturmination. The
solution expcsed to ths nerves suspension was diluted only 50 times, but nevertheless,
2.13 ug. of acetylcholine vere found in 3 cc. Calculated per vessel, the amount of
acetylcholine iIn the control wes found to.bel5l ug. In the experimental vessel it was
only 37 jug. Consequently, the suspension containing 139.5 mg. of nerve had split 11k
mge. of acetylcholine in 3 hrs, Calculated per g. nerve per hr., the hydrolysis of
acetylcholine smounts to 272 ug. after the exposure tc the critical ccncontyration of
XLP for 3 hrs, '

In the report memticned, the investigators were unable to detect any IFF re-
taized in the exposed znerves. In all casee tested in the usual way, we found the
ugunl retention amcunting to about 30 to 40 percent in agreement witR previcus find-
ings. In the particular experiment described above, the retention was found to be 40
percent, Corrected for inhibition due to the retained DFP, the cholinesterase present
in ths rerves thus exposed to IFP wasg actually capeble of splitting acstylcholize at
& rate of L53 ug, per g. per hr.

2. KDIETIC ASPECTS (F CHOLIIESTERASE INHIBITION TO DFP

IFP 48 ome 'or the most epecific and most powerful enzyme inhibitors known. Al-
though 1its toxicity must be referred to this single chemical reaction, the investi-
gations mentioned have demonstrated that the effectiveness of a drug depcends on a
great variety of factors. Some of these factors were found in experiments on isclated
nerves or on the whole mal, others, in in vitro experiments.

Scme iinetic aspects of the enzyme inhibition of DFP have now been studied in
order to determine whether or not additional factors have to be considered in the
intcrpretation of the mechanism of DFP action. Such an analysis has been made possi-
tle by the availability of a virtually pure cholinesterase preparation, showing orly
one compoment in the analytical ultracentrifuge run,

Cholinesterasge was prepared by fractional ammonium sulfate precipitation from
the slectric tissue of Electrophorus electricus as recently descrided, About 50 ce,
¢f a solution was obtained, capable of splitting 2500 g.. of acetylcholine per hr.
Cnes mg. of protein could hydrolyze 20,000 mg. of acotylcholine per hr. The enzyme
scluticn was dialyzed against distilled water for 9 days, then sub-divided into five
equal portions and lyophilized, A fine white powder was cbtained and kept for several
zonths in the rofrigerator in seecled ampoulcs. One tudbe of lyophilized cholinesterase
vas digpolved in 30 cc. of solution containing the following salts: 0.1M XaCl, 0.0IM
Mg Cl,, 0.01°M pbosphate buffor pH T7.4. The solution could hydrolyze approximately

. 500 gm. of a~etylchcline per hr. which indicated that the process of lyophilization

ond storage of tho powdor for soveral months in the icebox had no effect on the ac-
tivity of the onzymse,
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The onzyme solution was contrifuged at 36,000 R.P.M. for 1L hr. at about 9°C.

. The pellet was redissolved in 4 oc. of phosphate duffer described above, Since thero

ware gome undissolved particles, the solution was centrifuged and the residuo washad
twice with 3 cc. of buffer, One cc. vas capable of aplitting 2k.b gm. of acetylchol-

. ine per hr, Mare than % of the enzyme activity was lost by the procecdure. We are un-

able to account for this loss since in previous experiments, ultracentrifugation did
pot affect the activity urder similar condltions. In the soluticn obtained, 1 mg. of
protein was capable of hydrolyzing about 60,000 mg. of acetylcholine per hr,, which
1s close to the highest degreo of purity obtained previcusly. This enzyme solution
has beep used 1in all experiments describded, :

The incubation at 10°C and the manametric determinations of the cholinesterase
agtivity at this temperature were carried out in a refrigerated Warburg bath.

Optiral incubation period -- For the study of the kinetics of the inhibition of
an enzyme, the possibility of working with a wide range of enzyme concentration is a

A great advantage. Rather high enzyme concentrations appeared advisable for determining

whether or not the effect of DFP on the enzyme occurs on a mole-to-mole bagsis. The
enzyme concentration of the preparation available was 1.4 x 10" ™ calculated on the
assumption of a molecular weight of about 3,000,000. This figure is based on the
sedimentaticn rate in the analytical ultracentrifuge run. The concentration appeared
to be proper for tke investigations planmed.

At first, an incubation pericd had to be found which offered the cptimal condi-
tion. Since the inhibition of tho enzyme is progressively irreversidle, a prolonged
incubation period would lead to the destruction of the greatest part of the epnzyme,
whereag the mcasurement of the effectivencss during a short incubation period might
be too small for accurate estimation, To 0.9 cc., of the enzyme gglution, 0.5 cc. of
a solution was added of which the DFP concentratior was 3 x 10°°M. The degree of {=n-
hibition vas determined at varying periods of incubation by removal of an aliquot
part af the solution and dilution to 5,000 times its original volume. By this dilu-
tion, the ccncentration of DFF falls far below its inhibitory renge and that fraction
of the enzyme which had not been irreversibly inactivated could be determined mano-
metrically. As may be seen from the data of Fig. 2, at 23°C, inactivation of about
50 percent is obtained after an inmcubation perisd <f 150 min. During this period,
the percentage of inactivetion rises at a rather high rate, vhercns later, the in-
crzase progresses more slowlix. After 300 min. incubation, tpe 2racticn of enzyze io-

activated has risen to &6 parcent,

The experiments were repected at 10°C. The percentsge inhibition as may be seen
®rom the data of Fig. 2 wes slightly sweller than at 23°C. The shape of the curve
vas however shout the same. After 150 mim. of incubuticn, 39 percent of thc enzyze
vere inactivated, after 3G0 min. about 55 percent, At €irst glance, {t zay seco sur-
orising that the differcnce between 10 and 23°C i3 so small. But obviously, two
anlagsndstic factors are involved: at 23°C, the rate or hydrolysis by active enzyre
wvill be highter; on the other hard, the rate ¢ {nactivation of cholinesterase by DFP
vill also be increaged at higher ‘emparaturs and therefore less active onzyme vill
be lef% at the end of the incubatian pericd, Theuc antcgorstic effects 2wy account

for the rather scall difference obvserved.

) Froa the data obta‘ned, arn incubation pericd of 150 =in, at & temverature cf
10°C eppeered to be a favorsble condition for the gtudy of the varying factors :n-

valved and bas teen used for the following observaticns.
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Relation between enzyme and inhibitor concentrations -- Having thus sstablisbed
the optimal incubaticn poriod, the concentration of the inhibitor during the incuba-
tion was varied in order to test whether or not the sffesct changed proportionally.

As ma¥ be seen from Fig., 3, the inhibitory effsct of DFP at a concentration lower
than that required for 50 percent inhihi*ion at 150 min, incubation, decreased
strictly proportiopally, This suggests an insctivation of the enzyme by the inhibitor
on a stoichiometric basis. The data obtained in a series of ezperiments were so close
%o each other that only one set is Teproduced in the Figure. With twice the cencen-
tration required to ipactivate 50 percent of the enmzjme, the percemtage inhibition
rose to 86,5 percent. This is not strictly proporticnal, but mey have been expected

in that high range of inhibitien,’

Excess of inhibitor over enzyme concentration -- Although <he strict proporilon-

P

elity between increase of inkibitory effect and the increased concentration of the
inhibitor suggested an acticn on a mole-to-mole besis, it appeared surprising that
the concentration of the inhibitor, under the experimental condition used. was 25

times as high as ths concentration of the enzyme,

a

In srder to find out the role of the enzyme concentration in this comnectionm, a
series of tests wers made varying the enzyme conceniretion from 10-7 to 10-114, as
may be ssen from Fig, 4, 1t was found that the excess required increases rapidly with
dilution., If pE, the negative log of the molar concentration of the enzyms 13 plotted
z@geinst the log of the inhibitor concentration (I ] over the enzyme concentration,
_E', & straight linme is obtained, Whoereas the excess of molscules of inhibitor over
mclecules of enzyme is 25 in the highest enzyme concentration used, more than 100, GC0
molecules of inhititor are necessary for sach molecula of enzyme in the lowest con-
centration tested in ordsr %o obtain the 50 percert inactivation,

t appears likely that the line of Fig. 4 remains straight at higher concentra-
tions than those tested., In that case, exirepclation to the point log
LR 4,
-1 would give a value of spproximately ©. At this concentration, one cc, of

I\_“ -

enzyme would hydrolyze between 350 and 400 gm. of acetylcholine per hr. Such a con-
certration of the enzyme zoy be obtained. In earlior experiments, an encyme scluticn
was prepered, one cc, of which was capable of hydrolyzing 500 gm. of acetylcholinpe
per ar. Whethor such o concentrectlon ray occur in nature, 18 et present, difficult
to doclde. The highest eciiviites Cound for electric tissue of ths eel and with the
head ganglion of Suuid, corrosponded to a hydrolytic power of & to 7 gm. of acetyl-
chollne per gm. frach tissue per hr., Since it £{8 Xknown that the onzymo is coneen-
troted exclusively in tho nouronsl swiace, 1% {s poasible that If tho active mem-
brane is a layer enly 2 few zolecules thick, the concontrotion tlorc maoy be of this
order of magnitude or even iighor. Independent of this physiologicel problem, it
would be of Interest for the'stuly of the kinetics of the enzyzs lnhibition, to tast
the i{nhibitery effoct in such extyome comcentraticons. Euwover, Tor the tice being,
no such preparatioc Is om hand znd the axperiment must be postpored for later studics.

Difference between DFP, vsorine ond prostigmine -- The fundamontel differonce
of the chomienl recction Letween cholinesterase and DFP as ceapared vith tkat of
cther krown inkibiters 1s obvisusly tho progressive irreversibility. It zppearcd
wortiwitle, however, %o invostigote whether or not there arc additioral wvaricbles on
woich the effect of these two types of innibitors oay dopond.

Sirce the roacticn between srostignine and cholinestorase is totallz reversiblo,
2a incucation with a kigh enzyco concentration npd wubsequent dilution o7 scveral
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thousend timos as das been used in the zags of IFP, should lead to complete inactiva-
Vi and tharefore, bave no effect. This has deen checked and confirmed, In expori-
“a0mts vith 41luted soluticns, the immediate effaoct of prostignime and esorine is in
striking contrast to the slovly increasging acticn of DFP. As may be seon in Fig. 5,
ingubaticn vith essrine for varying pericds of time, up to 150 min., does not alter
the dagreo of inhibiticn. The same has been found with prostigmine, The percentage
of inhiditicn woduced by IFP rises contimously. In this case, the inhibition repre-
sents thes total affect, the rToversible as well as the irreversible part, since at tis
end of the incubation.period, the enayme activity has been tested without Jilution.
dhareas, for ahort periods of contact, prostigmine and eserine are, at the sams con-
centration, stranger inhiditors than IFP, the effect bacomes equal to that produced
by I¥P after 150 min. incubatiaon and will be stronger than that of the %wo aikaloids
if the enzyme remains in coptact with the inhibitor for still longer pericds of time,
It 1s cbvious tiat this fagtor vill influence the toxicity in vivo. In warm-blooded
animaly, 1.e,, at 37°C, the reactiocn rate between IFP and Inzyme will be much higher
than that cbserved at ths lov temperaturs used in these experiments. But for short

poriods of tims, a considerabls difference may be expected between the two types of
inhibitars,

In anotler respect, the experiments have reveaied a significant difference, In
lov concentrations, at 10~0N to 10-TM, prostigmine and eserins have a much stronger
effect than IFP, even after 150 min, incubation. However, with increasing concentIa-
ticn, the effsctiveness of DFP increases markedly and at about 3 x 10-7M, 1t sur-
pagses that of the two alkaloids. Pig. 6 shows ths inhibitory effacts obtained by
varying the inhiditor concentration, These data were obtained with a comstant incuba-
tion period of 150 min, at 10°C. Since the latter factor has no significant effec™
op the inhibitary action of the 'alkaloids, its changs would influence only the DFP

curve. A% a given concentraticm, therefore, significant differences 1n effect may be
produced by morely altering the incubation tims.

. The experiments offer additional support far the conclusion that the great vari-
oty of toxic cymptoms by IFP poisoning must not be attriduted to a multitude or

chenical reactions but %o the aeat number of variables influencing the course of
the single reaction with cholinssgterase,
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318, 4. ' - Test af cholinestarasa activity in a frog sciatic nerve after exposure
© - for 3 hrs., %0 IFP in 0.003M concentraticn (dissolved in peamut oil), The
- . ACh hydrolysis is determined by bdioassay wvith ths frog rectus abdominis. P

ACh 1a added to the homogenized nerve suspensidn and the amount of ths ester
Iresent after 3 hrs. incubation 1s tested. The initial amount of ACh is do-
termined in 5 control vessel treated in the same way but without addition of
nerve tissue, Below the tracings of the response to the standard solution 1s
given ths amount of ACh 4in,ug. applied to the muscle in 3 cc. of frog Ringer's
solution, The content of tho experimental vessel (E) was diluted 50 times af-
ter deproteinization; that of the control vessel (C) 100 times. In spite of
the 2-f0ld greater dilution, the.control vessel contains more than tw#ice the
amount of ACh present in the experimenmtal vegsel. The total amount of ACh in
ths experimesntal vessel, on the basis of this dlocassay, is 37/us; {n the com-
trol vessel, 151 ,ug. Consequently, 1k Jug, vere hydrolyzed. i

- Pig. 2, Inactivation of cholinesterase by DFP at varying pericds of incubation.
Tha IFP concentration used was 1.5 x 10-6M. The enzyme concentration about:
7z 10°%, X ==wm-- X 23°C 0-----0  10°C.

rig. 3. Relationship between the percemtege of enzyme inhidbition and the concen-

+ " tration of IFP. Up to 50 percent, the inhibition increasea strictly propor-
( tionelly to the increase of DFT comcentration suggesting & reaction on a

~ mole-to-mole basis, .

713, b, Excess of DFP required for varyirg emzyme concentra*ions. pE, the nega-
A tive log of the molar concentration of the enzyme is plotted againsc the log
of the inhibitor comceatration[I] over the enzyme concentration | E] .

Pig. 5. Difference betwsen the effact of incubation on cholinesterase inhibitia
by DFP and by eserine, The prostigmine effect, Like that of eserine, is unaf-
fectud“gy incubation. The DFP concentration =3 well as that of eserine wae
1 x 10-UM. . -

Fi3. 6. fectivensss of inhibition of cholinesterase by DFP and the alkaloids
s roatignine and eserine at verying inhibitory concentrations. Inhibition in

percont plotted against pI, the negetive lcg ard the molar concentration of
the inhibftors. In tho experizents with UFP, the cnzyas was incubstedé for
150 ain,, vith the inhibitor before tho determiration, lio fncubetion time
was used in the experizents with the alialoids,
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DEPARTMENT OF THE ARMY
US ARMY RESEARCH, DEVELOPMENT AND ENGINEERING COMMAND
EDGEWOOD CHEMICAL BIOLOGICAL CENTER
5183 BLACKHAWK ROAD
ABERDEEN PROVING GROUND, MD 21010-5424

2 8 NOv 2011
RDCB-DPS-RS

MEMORANDUM THRU Acting Technical Director (RDCB-D/Mr. Alvin D. Thornton),

Edgewood Chemical Biological Center (ECBC), 5183 Blackhawk Road, Aberdeen Proving
Ground, MD 21010-5424

FOR Department of Defense, Washington Headquarters Services, 1155 Defense Pentagon,
Washington, DC 20301-1155

SUBJECT: OSD MDR Case 11-M-1022 (DTIC Case No. ADC955165)

I. In August 2011, ECBC received a request for a “Freedom of Information Act (FOIA) like
review” of documents dealing with Di-isoprophl Fluorophosphate (DFP) provided by the
Department of Defense, Washington Headquarters Services (OSD MDR Case 11-M-1022),
regarding Defense Technical Information Center (DTIC) Case No. ADC955165.

2. The aforementioned DTIC documents were reviewed by Subject Matter Experts from ECBC

on Aberdeen Proving Ground, Maryland. All pages are approved for declassification and can be
made available for release to the public.

3. The point of contact is Mr. Ronald L. Stafford, the ECBC Information Security Officer,
(410) 436-6810 or ronald.l.stafford.civ@mail.mil.

0N

JUNE K. SELLERS
Security Manager
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